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Summary 


II.  Experimental  Configuration 


Some  applications  of  particle  beam  generators 
require  repetitive  operation.  Diodes  have  been  pulsed 
with  a  repetition  rate  of  30  Hz1;  however,  investi¬ 
gations  of  short-time  (<  100  |isec)  multiple  pulses  are 
sparse.  Using  inductive  storage  techniques  to  generate 
a  diode  electron  beam  combined  with  cascade  switching 
permits  the  use  of  inductive  energy  sources  for  short 
pulse- to-pulse  operation  of  diodes.  Investigations 
related  to  generation  of  electron  beams  of  modest 
energy  and  current  (~10^eV,  ~10 ^A)  with  a  voltage  pulse 
inductively  produced  by  exploding  wire  switches  were 
carried  out.  Techniques  for  and  results  of  studies  of 
diode  recovery  properties  are  reported.  Circuits  were 
developed  for  switching  a  second  pulse  to  the  diode 
with  a  pulse  separation  of  10-500  pisec. 


I. _ Introduction 


Capacitive  storage  systems  are  traditionally  used 
in  generation  of  intense  relativistic  electron  beams 
of  short  duration. ^  Recently,  inductive  storage 
systems  have  also  been  applied  to  production  of  elec¬ 
tron  beams  of  a  few  kiloamperes  with  accelerating 
voltage  across  the  diode  of  1. 5-2.0  MV.  Sufficiently 
high  power  levels  are  now  attainable  with  inductive 
storage^’®  to  replace  capacitive  systems  which  are  less 
cost  effective  when  used  for  production  of  large  energy 
pulsed  output.  In  addition,  because  repetitively 
pulsed  operation  is  possible  with  inductive  storage 
using  cascade  switching,7  development  of  highly  ener¬ 
getic  beam  pulses  so  produced  for  application  to  laser 
technology,  inertial  confinement  fusion  (ICF)  and 
other  areas  is  of  interest.  Smaller,  repetitively 
pulsed  systems,  with  very  short  100  |usec)  pulse-to- 
pulse  separation  are  also  useful  for  x-ray  photography 
and  in  plasma  experiments  requiring  complex  pulse 
power  input. 

One  major  problem  associated  with  the  use  of 
inductive  storage  systems  for  repetitive  electron  beam 
production  that  has  not  been  studied  sufficiently  is 
the  diode  recovery  between  pulses*.  Plasma  formed 
during11-*  and  after  beam  generation  may  affect  the 
diode  characteristics  for  subsequent  pulses  in 
repetitive  systems.  These  effects  are  particularly 
important  to  inductive  systems  because  of  their 
characteristically  long  L/R  decay  time  and  slow 
(compared  to  capacitive  systems)  risetime.  The  plasma 
production  in  the  diode  and  its  recovery  characteristics 
are  also  related  to  the  processes  occurring  in  vacuum 
current  interrupters,  including  those  being  developed 
for  repetitive  switching.11 

Experiments  to  study  production  of  repetitively 
pulsed  electron  beams  from  an  inductive  store  are 
reported  here.  A  new  circuit  that  uses  a  two  stage 
opening  switch  module1^  produces  electron  beams  of 
~  150  keV  energies,  ^  1  kA  current  and  ~  0.5  |asec  pulse 
duration.  By  straightforward  extrapolation,  this 
circuit  was  used  for  two  pulse  operation  with  a  vari¬ 
able  interpulse  separation  of  10-500  |isec .  Plasma 
formation  and  life-time  and  their  effects  on  the  per¬ 
formance  of  a  double  pulse  diode  have  also  been  stud¬ 
ied  typically  at  beam  current  densities  of  ~  50  A/cm^ . 
*External  magnetic  fields  have  been  used,  e.g.,  in 
foiless  diodes,  to  suppress  plasma  effects. 


A  schematic  of  the  inductive  storage  system  used 
to  provide  two  pulses  across  an  electron  beam  diode  is 
shown  in  Figure  1.  Wire  fuses  in  air  were  used  as 
opening  switches.  Each  pulse  was  generated  by  two 
fuse  stages,  the  second  stage  producing  the  high 
voltage  associated  with  each  pulse.  For  single  pulse 
operation,  the  wire  fuses  F^,  ^  and  ^3  wete  removed 

from  the  system.  Switch  S3  is  an  explosively  driven 
switch  which  holds  off  the  entire  voltage  associated 
with  the  first  pulse  and  closes  with  relatively  little 
voltage  across  it. 


Figure  1.  Circuit  diagram  of  the  system  with  two- 
pulse  cascade  switching 


All  the  other  closing  switches  are  spark  gaps  set  to 
self-break  at  the  appropriate  voltage,  except  for 
switch  Sj,  which  is  command  triggered  to  initiate  the 
firing  sequence.  A  graphical  depiction  of  the  voltage 
and  current  waveforms  is  given  in  Figure  2.  Note  that 
t3  and  ty  correspond  to  the  times  when  fuses  Fp^  and 
FD2,  respectively,  are  opened. 


t 


Figure  2.  Current  and  voltage  waveforms  with  arbitrary 
amplitude  and  time  scales  depicting  the  two- 
pulse  operation. 


The  storage  system  (Fig.  1,  C=240  piF,  L  =  7  piH, 

Vc  =“  9  kV)  is  similar  to  that  used  in  the  study 
of  recovery  characteristics  of  fuses  used  as  opening 
switches.1^  Sufficient  energy  is  stored  at  low  voltage 
in  the  capacitor  so  that  the  requirements,  (e.g.,  energy 
dissipated  in  opening  the  fuses)  for  generating  two 
pulses  are  satisfied. 

The  basic  diode  geometry  is  illustrated  in  Fig.  3. 
The  diode  used  in  these  studies  has  a  copper  screen 
anode  with  an  optional  7.5  |Um  aluminum  foil  to 
allow  only  the  high  energy  portion  of  the  electron 
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beam  to  reach  a  collector  plate  located  behind  the 
anode-cathode  gap  and  to  prevent  plasma  from  reaching 
the  collector.  For  these  experiments  the  cathode 
consisted  of  sawblades  and  the  anode  shield  opening 
diameter  was  10  cm. 

Diagnostics  consisted  of  a  voltage  divider  to 
measure  the  diode  voltage,  Vp>;  calibrated  Rogowski 
loops  to  measure  the  diode  current,  iD,  and  collector 
current,  ic  (Fig.  1);  a  streak  camera  to  observe  the 
light  emitted  by  the  diode  plasma;  and  a  photomulti¬ 
plier  with  collimation  optics  to  provide  spatial 
resolution  along  a  line  of  sight  perpendicular  to  the 
axis  of  the  diode. 


SHIELD  INSULATOR 


PLATE 


Figure  3.  Schematic  of  the  electrode  and  collector 
structure  of  the  two-pulse  diode. 


III.  Single  Pulse  Operation 

A,  Beam  Generation 

The  current  and  voltage  across  the  diode  for  a 
cathode  area  of  7  cm^  and  an  anode-cathode  gap  of 
1.5  cm  as  well  as  the  electron  beam  current  into  the 
collector  and  the  diode  impedance  are  shown  in  Figure  4. 
The  inductive  component  of  the  diode  voltage  was  <  5% 
of  the  signal  and  was  therefore  neglected.  The  voltage 
pulse  risetime,  consisting  of  two  different  components, 
is  determined  by  the  characteristics  of  the  switch  (S2) 
closing  and  fuse  (F2)  opening.  The  diode  current 
of  about  1  kA,  consists  initially  of  the  electron 
beam  (part  of  which  is  also  intercepted  by  the 
collector)  and  in  later  phases  250  nsec)  of  the 
plasma  current.  This  late  time  current  is  not  directly 
associated  with  the  beam  (as  evidenced  by  ic  decreasing 
after  ~  250  nsec)  but  rather  is  being  carried  by  the 
arc  plasma^  that  forms  in  the  anode-cathode  gap  sub¬ 
sequent  to  the  beam  generation.  At  the  anode,  the 
beam  area  was  determined  to  be  ~  20  cm^  from  blue 
cellophane "  placed  behind  the  aluminum  foil  giving 
a  mean  beam  current  density  at  the  anode  of  ~  50  A/cm^. 
The  behavior  of  the  diode  impedance,  Z,  is  typical  for 
diodes  where  whisker  plasma  expansion  is  present.  The 
impedance  collapse  at  time  ^  250  nsec  is  a  result  of 
the  diode  plasma  providing  a  short  circuit  across  the 
diode.  The  time  of  onset  and  rate  of  collapse  ajje 
consistent  with  the  parameters  reported  elsewhere.  »  ’ 

B.  Plasma  Formation  and  Life  Time 

The  plasma  in  the  diode,  present  after  the  imped¬ 
ance  collapse,  has  been  observed  with  a  streak  camera 
and  a  collimated  photomultiplier,  RCA  1P28A.  The 
streak  camera,  with  a  slit  aligned  perpendicular  to  the 
diode  axis  shows  the  appearance  of  plasma  (with  suffi¬ 
cient  density  to  expose  the  film)  at  about  500  nsec 
after  voltage  application  to  the  diode.  This  is  a 


Figure  4.  Current,  iD,  and  voltage,  VD,  across  the  electron 
beam  diode.  Also  shown  are  the  component 
of  the  electron  beam  measured  by  the 
collector  plate,  ic,  and  diode  impedance 
determined  from  ip  and  Vp. 

little,  later  than  the  onset  of  the  current  in  the  diode 
due  to  plasma.  The  light  emission  recorded  on  the 
streak,  suggests  that  the  initial  whisker  plasma  is  at 
lower  density,  insufficient  to  be  recorded  on  the  film. 
It  follows  from  this  that  the  arc  plasma  dominates  the 
plasma  production  when  an  inductive  storage  system 
with  post-pulse  current  is  used.  To  reduce  the  effects 
of  this  current  a  fuse  F^  (shown  in  the  diagram  of 
Fig.  1)  is  used.  The  choice  of  cross  section  for  this 
fuse  determines  the  time  when  the  diode  current  can  be 
interrupted.  The  earlier  the  interruption,  the  less 
plasma  is  produced.  The  typical  time  history  of  the 
light  emission  as  observed  by  the  photomultiplier 
shows  that  the  light  persists  for  some  microseconds 
after  the  current  has  ceased.  The  persistence  may  be 
a  consequence  of  the  characteristic  recombination  and 
plasma  expansion  times.  This  point  will  be  discussed 
further . 

IV.  Double  Pulse  Operation 

To  achieve  high  voltage  second  pulse  operation 
the  circuit  of  Fig.  1  was  employed.  When  sufficient 
energy  is  stored  in  the  capacitor  (relative  to 
that  dissipated  by  fuses  and  e-beam  load  of  the  first 
pulse)  the  circuit  provides  a  very  convenient  method 
for  generating  two  pulses  with  a  variable  (10-500  pis) 
separation  between  pulses.  The  first-pulse  fuses  and 
the  fuse  inserted  in  the  diode  branch  totally  block 
the  discharge  of  energy  until  the  explosively  actuated 
(high  stand-off  voltage,  low  trigger  voltage)  closing 
switch,  S3,  is  fired.  At  that  time,  current  through 
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the  second-pulse  fuses  leads  to  their  vaporization  and 
results  in  the  generation  of  a  second  pulse  (t£,  Fig.  2). 

The  diode  characteristics  are  shown  in  Fig.  5  (in 
analogy  to  Fig.  4  for  single  pulse  operations).  Type 
1  discharges,  indicated  by  solid  lines,  show  a  similar 
behavior  to  the  single  pulse  observations.  The  delay 
between  pulses  necessary  to  obtain  the  behavior  is 
f3 100  [1  sec.  The  early  time  behavior  of  the  second  voltage 
pulse  differs  some  from  that  of  the  first.  This  may  be 
caused  by  the  diode  environment  or  the  details  of  the 
second  pulse  circuitry.  In  general  the  beam  current 
and  voltage  are  lower  for  the  second  pulse  than  for 
the  first  owing  primarily  to  the  fact  that  much  of  the 
stored  energy  is  consumed  in  producing  the  first  pulse. 


t  (ns)  — *■ 

Figure  5.  Currents,  in,  voltages,  Vp,  for  the  second 

pulse  across  the  diode.  Also  shown  are  the 
collector  currents,  ic,  and  diode  impedances, 

Z. 

Type  2  discharges,  indicated  by  the  dashed  lines 
(Fig.  5),  result  when  the  delay  between  pulses  is 
^  100  |isec  and  are  not  always  reproducible.  That  is, 
infrequently,  type  1  discharges  occur  at  the  shorter 
inter-pulse  delay.  Note  that  even  though  the  gap 
appears  to  be  shorted  for  type  2  discharges  a  low 
current  beam  may  still  be  produced  (ic4=  0  for  type  2 
discharges  in  Fig.  5). 

The  diode  impedance  at  maximum  voltage  (Vmax/I) 
for  various  inter-pulse  separation  times.  At,  is 
plotted  in  Figure  6.  The  triangles  are  data  obtained 
for  type  2  discharges  (Fig.  5)  and  the  filled  circles 
are  associated  with  type  1  discharges.  The  diode 
impedance  is  ~  300  0  for  At  >  100  |lsec.  This  agrees 
with  the  impedance  observed  for  the  first  pulse  (Fig. 4), 
i.e.,  fully  recovered  diode.  Note,  however,  that  even 
though  the  impedance  is  the  same  for  the  two  pulses, 
the  detailed  beam  current  and  voltage  waveforms  are 
not  identical. 
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Figure  6.  Second  pulse  diode  impedance  (at  the  time  of 


peak  voltage)  shown  as  function  of  the 
pulse  separation  time. 

V,  Discussion 

Plasma  formation  in  electron  beam  diodes  using  jtjt 
field  emission  cathodes  has  been  extensively  studied. 
This  plasma  is  associated  with  explosion  of  whiskers 
on  the  cathode  surface  which  follows  stable  field 
emission.  These  whiskers  can  carry  current  densities 
ranging  from  10®  to  10®  A/cm^,  which  cause 
strong  local  heating.  The  electric  field,  Fw,  at  the 
whisker  tip  is  enhanced  on  the  order  of  100  times, 
relative  to  the  average  applied  field  across  the  anode- 
cathode  gap,  causing  emission  of  electrons.  The 
electron  current  is  determined  by  the  Child-Langmuir 
space  charge  limitation  which  is  modified  by  the 
expanding  cathode  whisker  plasma.  The  effect  of  the 
plasma  on  the  diode  impedance  is  determined  from  both 
the  time  of  onset  of  plasma  formation,  t0-(pC/r])  Vw 
(where  t]  is  the  whisker  resistivity,  C  is  its  heat 
capacity,  p  is  the  density  and  T0  is  the  vaporization 
temperature)  and  the  plasma  expansion  velocity.  The 
range  of  tQ  is  from  10  to  100  nsec.  The  typical 
expansion  velocity  is  2-4  cm/plsec,  associated  with  a 
temperature  of  few  eV.  Its  density  is  10^  to  10 1® 
cm-®  for  high  current  diodes  and  10 1®  cm-®  for  low 
current  diodes.  Plasma  can  also  be  formed  at  the 
anode  by  virtue  of  the  electron  beam  depositing  its 
energy  in  the  anode  and  heating  it.15 

Another  mechanism  for  plasma  production,  which 
has  not  been  investigated  in  connection  with  single¬ 
pulse  diode  studies,  is  that  of  plasma  formation  at 
both  electrodes  due  to  a  current  flow  after  the  diode 
impedance  has  collapsed  to  very  low  values .  This 
plasma  formation  mechanism  is  that  of  a  vacuum  arc, 1® 
that  is  driven  by  the  current  remaining  in  the  storage 
system,  and  is  a  typical  characteristic  of  inductively 
driven  systems .  It  is  convenient  to  consider  the  two 

**R.  Parker  provides  a  review  of  plasma  formation 
mechanisms  and  their  effects  on  the  impedance  of  high 
current  diodes.  The  mechanisms  outlined  here  are  based 
on  this  review. 10 
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types  of  plasma,  the  whisker  plasma,  generated  as  a 
result  of  very  high  electric  fields,  and  the  arc  plasma 
that  arises  from  the  post-pulse  current  flow  and 
provides  a  long-time  short  circuit  across,  the  diode. 

The  latter  plasma  is  an  especially  important  factor  in 
diodes  driven  by  the  inductive  storage  pulse,  since 
such  systems  tend  to  have  an  inductive  decay  time  which 
is  longer  than  the  impedance  collapse  time  associated 
with  the  whisker  plasma  expansion. 

The  results  obtained  here  indicate  that  indeed  a 
whisker  plasma  is  formed  and  closes  the  gap  at  an 
average  speed  of  3-5x10^6  cm/sec,  as  determined  by 
noting  the  anode-cathode  separation  and  the  time, 
tp  (defined  in  Fig.  4),  at  which  the  diode  current  is 
being  carried  primarily  by  arc  plasma  in  the  diode. 

This  current  is  supported  by  the  remaining  current  in 
the  storage  system.  The  arc  plasma  is  observed 
by  the  photomultiplier  to  disappear  rapidly  (<  10  pisec) 
when  the  current  flow  is  stopped  by  opening 
fuse  wire  FD1  2>  (Fig.  1) • 

Two  mechanisms  by  which  the  plasma  density  in  the 
diode  can  decrease  after  the  diode  current  is  stopped 
are  plasma  expansion  (perpendicular  to  the  diode  axis) 
and  recombination.  The  effect  of  plasma  expansion 
can  be  estimated  assuming  that  the  plasma  ceases  to 
affect  the  diode  impedance  when 

np  £  nCL  =  JCL/e'Sc  ’ 

where  np  is  the  plasma  density,  Jq^  is  the  Child- 
Langmuir  electron  current,  n^  is  the  electron  density 
associated  with  Jcl>  c  the  velocity  of  light,  e  the 
charge  on  an  electron,  and  gc  is  the  beam  velocity 
0=&-(l+eVD/E)  where  E  =  the  electron  rest  energy). 

Note  that  data  from  the  Gamble  II  generator***  supports 
this  assumption.  We  further  assume  that  the  total 
number  of  plasma  particles  is  constant  (i.e.,  neglect 
recombination)  and  that  np  is  spatially  uniform  and 
decreases  in  time  as 

r  2 

n(t)  “  no  -7-2  '  (2) 

r  (t) 

where  nQ  is  the  initial  plasma  density,  rQ  is  the 
initial  plasma  radius,  and  r(t)  =  rQ  +  vrt  is  the 
plasma  radius  at  time  t  resulting  from  radial  expansion 
at  speed  vr.  Equating  from  Eq.  (1)  with  the  plasma 
density  from  Eq.  (2)  gives  the  time  TCL, 


For  times  ^  T  cl  the  plasma  density  should  cease  to 
influence  the  diode  behavior.  For  Vp=150  kV,  then 
|3  =  .63,  and  Jcl  will  be  60  A/cm^  for  a  diode  separation 
of  1.5  cm.  Assuming  nG  ““  10*°  cm-3,  r0=1.5  cm  (the 
diode  radius)  and  further  assuming  vr  is  the  same  as 
the  axial  closing  velocity  4x10°  cm/sec  (as  deter¬ 
mined  in  the  preceding  paragraph),  then  T cl  is  ^lOOpisec. 

An  estimate  of  the  recombination  (three  body  and 
radiative)  time*  ? ,  TR,  for  various  carbon  and  iron 
plasmas,  assuming  the  density  is  constant  in  time  gives 
T r  '  100  Usee .  This  estimate  is  more  sensitive  to  the 

density  (~np)  than  the  estimate  for  TCL.  Nevertheless, 
the  two  time  scales  are  comparable,  TR  =“  tCl»  and  are 
close  to  the  observed  time  for  recovery  to  type  1 
operation  .of  Fig.  6. 

'“'^Description  of  the  Gamble  II  generator  can  be  found 
in  Ref.  16 


VI.  Conclusion 

It  has  been  demonstrated  that  moderate,  ~150  keV, 
energy  electron  beams  of  <  1  kA  current  and  pulse 
duration  of  ~  500  nsec  can  be  produced  from  a  low  volt¬ 
age,  <  10  kV,  inductive  storage  system.  Furthermore, 
the  system  can  be  double  pulsed  with  a  variable 
interpulse  separation  time  of  10-500  usee. 

The  diode  can  recover  in  times  >  100  sec.  The 
recovery  is  not  total,  even  with  a  500  (isec  inter-pulse 
separation  time,  in  that  the  detailed  time  histories 
of  the  beam  current  and  voltage  are  not  identical 
for  the  two  pulses.  This  is  most  likely  due  to  the 
presence  in  the  diode  of  a  low  level  of  plasma  and 
neutrals  associated  with  the  first  pulse;  although, 
the  second  pulse  circuitry  may  also  contribute  to  some 
of  the  differences.  The  choice  of  parameters  in  the 
work  described  here  is  reasonable  for  scaling  these 
results  to  diodes  operating  in  the  megavolt  and  tens 
of  kiloamperes  regime. 

fWork  supported  by  the  Office  of  Naval  Research. 
aJAYC0R,  Inc.,  205  S.  Whiting  St.,  Alexandria,  VA  22302 
^Institut  Fuer  Hochspannungs  Technik,  Braunschweig, 
Federal  Republic  of  Germany 
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